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INTEGRATED OPTICAL SPLITTER WITH TAPERED MULTIMODE INTERFERENCE WAVEGUIDE 

The present invention relates to a branching or "splitter" waveguide 
structure. In particular, the invention relates to a 1x2 splitter having low 
5 loss. 

1 x 2 splitters in the form of adiabatic Y-junction or Y-branch 
waveguide structures are well known and used in planar lightguide circuits 
(PLCs). Fig.l shows a conventional y-branch splitter in which a single- 
mode input waveguide 1 branches into two single mode output waveguide 

10 2,3 at a Y-junction 4. Where the branching ratio is 1 : 1 we call this a 
symmetric Y-branch. Such Y-branch structures can be arranged in a 
cascaded arrangement to form a 1x2* sputter, as illustrated in Fig.3 (which 
shows a 1 x 16 splitter). A problem with the Y-branches is that it is very 
difficult in practice to fabricate a perfect point 5 in the Y-junction, where 

15 the two output waveguides 2,3 meet. In practice, instead of a perfect point, 
a flat edge or "blunt" 6 is formed, as shown in Fig 2. In fact, in order to 
meet required manufacturing tolerances in order to make a reproducable 
device, the splitter will commonly be purposely designed to have the blunt 
taper shape 4 shown in Fig.2. A disadvantage of this blunt is that radiation 

20 modes are excited at the blunt, leading to insertion loss. In a lx2 N splitter 
such as shown in Fig. 2 the insertion loss at each Y-branch may add up to 
an unacceptably high total insertion loss (IL) in the splitter device. 
Moreover, the generation of radiation modes results in reduced Insertion 
Loss uniformity (ILU) i.e. the variation of the IL as a function of 

25 wavelength, across the operational wavelength range of the device. 

Another type of splitter is based on a multi-mode interferometer 
(MMI) waveguide. Fig.4 shows a 1 x 2 splitter formed by coupling an MMl 
10 between a single mode input waveguide 1 and two single-mode output 
waveguides 2,3. This non-adiabatic device works on the principle that the 
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MMI converts the single-mode input signal into a double-peaked signal 
before the branches of the splitter start, so that the two peaks enter the two 
output waveguides respectively. Such MMI-based splitters have higher 
fabrication tolerances than the Y-branch splitters of Fig. 1. However, they 

5 have the disadvantage that the abrupt junction between the input waveguide 
and the input edge 12 of the MMI 10 gives rise to radiation modes, and 
thus insertion loss. 

A low radiation loss asymmetric splitter is proposed in US 
6,236,784. This shows an MMI-based splitter design in which one or both 

10 sides of the MMI have a curved shape along the signal propagation 

direction. However, this structure still used an abrupt transition between the 
input waveguide and the MMI in order to generate the higher order modes 
which create the desired double-peaked Field at the output edge of the 
MMI, and so the problem of radiation loss at this abrupt transition is still 

15 present. 

It is an aim of the present invention to avoid or minimise one or 
more of the foregoing disadvantages. 

According to the present invention there is provided a splitter 
comprising: a substantially single-mode input waveguide; at least two 
20 output waveguides; and a non-adiabatic tapered waveguide optically 
coupled between the input waveguide and the output waveguides, said 
waveguides being formed on a substrate; wherein the non-adiabatic tapered 
waveguide, along at least a portion of its length, widens in width towards 
the output waveguides, in a plane parallel to the substrate, and the non- 
25 adiabaLic tapered waveguide merges substantially continuously with the 
input waveguide in a direction parallel to the optical axis of the input 
waveguide. 

The splitter of the invention has the advantage that there is no abrupt 
transition between the input waveguide and the multi-mode region, and so 
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generation of radiation modes is minimized, thereby reducing insertion loss 
and improving the insertion loss uniformity. Moreover, the splitter can in 
general be designed to be shorter in length (along the propagation 
direction) than an adiabatic Y-branch splitter, as the non-adiabatic tapered 
5 waveguide is itself shorter than an adiabatic tapered waveguide would be. 
This has obvious cost advantages in terms of PLC chip real estate. 

Preferably, the non-adiabatic waveguide tapers gradually so as to 
excite a second order mode therein. 

The non-adiabatic tapered waveguide preferably tapers substantially 
10 symmetrically with respect to an extension of the optical axis of the input 
waveguide. The non-adiabatic tapered waveguide may have opposing 
tapered sides each having a taper shape based on a perturbed cosine curve. 

Optionally, at least one of the output waveguides may have an 
adiabatically tapered end which is connected to the non-adiabadc tapered 
15 waveguide and which widens in width, or which narrows in width, towards 
the non-adiabatic tapered waveguide. 

Preferred embodiments of the invention will now be described by 
way of example only and with reference to the accompanying drawings in 
which: 

20 Fig. 1 is a plan view of a prior art Y-branch 1x2 splitter; 

Fig.2 is a detailed view of the ringed portion A of the Y-branch splitter 
of Fig.l, showing a blunt formed in the fabrication process; 
Fig, 3 is a plan schematic view of a 1 x 2 N splitter, where N=4; 
Fig.4 is a plan view of a prior art 1 x 2 MMI-based splitter; 
25 Fig.5 is a plan view of a 1 x 2 splitter according to an embodiment of 
the present invention; 

Fig.6 is a plan schematic view of a non-adiabatic tapered waveguide 
having its shape defined by a perturbed cosine function; 
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Fig.7(a) to (c) illustrate the modified shape of the taper of Fig.6, 
obtained when three different shape factors, p, axe used to perturb the 
cosine shape; 

Fig.S is a schematic plan view of a modified version of the splitter of 
5 Fig.5; and 

Fig.9 is a perspective schematic view of a waveguide formed in a PLC 
chip. 

Fig.S illustrates a 1 x 2 splitter formed in a Planar Lightguide Circuit 
(PLC) chip 18. The splitter comprises a single-mode input waveguide 20 

10 coupled to two output waveguides 24,26 by a non-adiabatic tapered 
waveguide 22. The output waveguides each consist of a single mode 
waveguide having an adiabatically tapered end portion 25,27 coupled to the 
wide (output) end 23 of the non-adiabatic tapered waveguide 22, such that 
the output waveguides widen towards the non-adiabatic tapered waveguide, 

15 in plan view of the splitter as shown in Fig. 5. As can be seen in Fig.5, the 
taper shape is such that the width of the waveguide 22 gradually increases, 
in a generally non-linear manner, from the input end 21 coupled to the 
input waveguide 20, to the output end 23 coupled to the two output 
waveguides. Where this splitter is the first optical circuit feature on the 

20 PLC chip 18, as shown in Fig,5, an input end 19 of the input waveguide 20 
will abut the input face 17 of the PLC chip. The taper shape of the non- 
adiabatic tapered waveguide 22 is generally designed to cause continuous 
mode conversion, of the fundamental mode to the second order mode, of an 
input signal entering the input end 21 of the tapered waveguide from the 

25 input waveguide 20, along the length L of the taper 22, to form a double- 
peaked mode field at the output end 23 of the taper 22. In the embodiment 
of Fig.5, the shape of the non-adiabatic tapered waveguide is based on a 
perturbed cosine function, and is defined by the following equations (with 
reference to Fig.6): 
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In I 



z(r) = l 

where L is the length of the non-adiabatic tapered waveguide 22; 
w(t) is the width along the propagation direction; 
z(t) is the length along the propagation direction; 
5 w^ and w ou , are the widths of the input and output ends 21 ,23 

respectively of the tapered waveguide 22; and p is a shape factor, which 
preferably has a value between 0 and 1, most preferably between 0.6 
and 0.9, and which basically controls the slope in the middle (z=0.5L) 
of the taper (values of p greater than 1 are also possible, though less 

10 preferred). 

In the splitter of Fig.5, the width w iri of the input waveguide (and 
hence also of the input end 21 of the non-adiabatic taper 22) is G_W, 
which in this embodiment is equal to the width of the singe mode 
portion of each of the two output waveguides 24,26 (in other possible 

15 embodiments the width of the input and output waveguides can be 

different, if desired for any reason). Other variables in the splitter design 
of Fig.5 include: 

G, the width of the gap or "blunt" formed between the adjacent edges 
of the two output waveguides 24,26 at the output end 23 of the non- 
20 adiabalic tapered waveguide 22; 

R, the radius of curvature of each output waveguide; 

dWBranch, the additional width of the tapered end 25,27 of each 
output waveguide, as compared with the width G-W of the single mode 
portions of these output waveguides; 
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dWTap, the additional width of the output end 23 of the non- 
adiabatic taper, as compared with the total width of the two 
adiabatically tapered output waveguide ends and the gap width G; 
Lin, the length of the input waveguide. 
5 For a given w in and w 0M „ the free parameters in the taper shape are L 

and p. For different p values, the taper shape changes. This is illustrated in 
Figs.6(a) to (c) which show the taper shape for p=0, p=0,5 and p-1 
respectively. L and p are chosen so that the phase difference between the 
zero and second order modes, at the output end 23 of the non-adiabatic 
10 taper, is equal to an odd multiple of n (i.e. rc, 3n, 5n ..etc). This gives a 
straight phase front which will reduce coupling losses to the output 
waveguides 24,26. n is the preferred value as this will give the shortest 
taper length. Beam Propagation Mode (BPM) simulations are used to 
choose the optimum values for the variables in the splitter design 
15 (including to calculate the required value of p and L in order that the afore- 
mentioned phase condition is met by the non-adiabatic taper 22), so as to 
obtain a splitter design giving optimum performance in terms of the 
required specifications of the end device, in particular the insertion loss of 
the splitter. 

20 A significant feature of the perturbed cosine tapered waveguide 

shape is that at the beginning 21 of the taper, where the taper 22 merges 
into the output end of the single mode input waveguide 20, the taper angle 
is kept low by virtue of the generally cosine curve shape of the taper at the 
beginning. This keeps radiation losses to a minimum. (For the avoidance of 

25 doubt, the taper angle is defined as the angle of the tapered sides of the 
waveguide relative to the propagation direction in the waveguide. In the 
illustrated embodiments, where the waveguides have a generally 
symmetrical structure, the propagation direction is along the axis of the 



JflN-12-2005 11=42 
12/01 2005 16:32 FAX 



Howard and Howard 

UDL LEEDS 



248 645 1568 P. 13/25 
1013/025 



WO 2004/01 W«»7 PCT/GB2Q0J/O0JO2X 

7 

waveguides.) The taper angle gradually increases towards the output 
waveguides until after the perturbation introduced by the factor p. 

Another advantage of the invention, compared with conventional splitter 
designs like that of Fig.2, is that the width of the gap or blunt, G, between 

5 the output waveguides where they join to the cosine taper, can be made 
larger than the width of the blunt 6 in the conventional splitter design of 
Fig.2. In such conventional splitter designs the highest intensity is at the 
middle of the taper 4. (This is not the case in the present invention in 
which the output from the non-adiabatic taper is double-peaked.) 

10 Therefore, in the conventional design of Fig.2 one would like to have the 
gap (blunt) between the output waveguides, at the output of the taper 4, as 
small as possible to reduce the losses. The desired smallness of this gap can 
lead to designs that are less tolerant to production tolerances e.g it is easier 
to make and to reproduce a gap of 2 micron compared to a gap of 1 micron. 

15 For a conventional splitter design like that of Fig. 2 the optimum gap is 0, 
giving the splitter design of Fig.l. For the non-adiabatic cosine taper 
splitter of the present invention the optimum gap G is not equal to 0 and 
can be designed to be a number which can easily be manufactured and 
reproduced, A follow-on advantage of this is that the inventive splitter will 

20 be more tolerant, in terms of wavelength dependent loss (WDL), to process 
variations. 

In known manner the waveguides in the PLC chip 18 are all typically 
formed as silica "cores" 32 on a silicon substrate 30 (an oxide layer 31 is 
commonly provided on the substrate prior to depositing the waveguide 
25 materials and/or a lower silica cladding layer 3 1 may be deposited) and are 
covered in a cladding material 34, using Flame Hydrolysis Deposition 
(FHD) or Chemical Vapour Deposition (CVD) fabrication processes 
(together with photolithography and etching steps). Fig.9 shows one such 
waveguide formed in a PLC chip 40. However the present invention is 
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equally applicable to waveguide devices formed in other material systems, 
or having a different waveguide structure e.g. rib waveguides. 

It will be appreciated that the splitter design of Fig.5 can be cascaded 
with several identical such 1x2 splitters in a similar manner as shown in 

5 Fig.3, in order to obtain a 1 x 2 N splitter, where N-2,3,4,... . The use of the 
perturbed cosine taper shape in each 1x2 splitter keeps the total insertion 
loss for the resulting 1 x 2 N splitter to a minimum. 

Modifications to the above-described embodiment are of course 
possible within the scope of the invention. For example, the single-mode 

10 output waveguides may in some cases not be tapered 25,27 where they 
connect to the perturbed cosine taper 22. Nevertheless, the use of tapers at 
these ends of the output waveguides is generally preferred. This is because 
such tapers allow an increase in the overlap of the double-peaked field 
(combination of zero and second order modes) at the output (i.e. wide) end 

15 of the cosine taper 22 with the field of the two output waveguides at the 
transition point (where the output waveguides join to the cosine taper 
waveguide 22). The field will change shape with a change in the width of 
the output waveguides at the transition point. There will be an optimal 
width (and gap, G) to obtain a maximum overlap. Adiabatic tapers on the 

20 output waveguides are preferred as they minimise any further energy 
losses. 

In another possibility there may be a small gap g (for example, about 
1 \xm) provided between each output waveguide 24,26 and the output end 
23 of the non-adiabatic tapered waveguide 22, as shown in Fig. 8- This is 
25 done for process reasons as it is believed to achieve a better definition of 
the gap G, between the output waveguides (at the wide end of the non- 
adiabatic tapered waveguide) and so improve the production tolerances. 
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In the embodiment of Fig.5 the input waveguide is a single-mode 
waveguide. In other embodiments the input waveguide may be allowed to 
be slightly double-moded (bi-modal) as long as no significant signal is 
effectively carried by the higher order modes (i.e. modes above the 

5 fundamental mode). In both cases we consider such a waveguide as being a 
"substantially single mode" waveguide. The output waveguides are 
preferably always substantially single-mode, but could be multi-mode if 
desired for any reason. In another possibility, the input waveguide could be 
a bi-modal waveguide in which only a first order signal mode propagates, 

10 but this is not preferred as it is likely to lead in practice to unpredictable 
performance of the device (due to any process-related imperfections in the 
waveguides which may result in undesirable mode conversion to higher 
order modes). 

In another possible modified version of the device of Fig.5, the 
15 tapered ends 25, 27 of the output waveguides 24,27 may narrow in width 
towards the non-adiabatic tapered waveguide 22 instead of widening as 
shown in Fig.5. A decreasing width will widen the modal field distribution 
in the waveguide, giving a similar effect (on the optical signal) as a 
widening width. 

20 Furthermore, in other possible embodiments the non-adiabatic 

tapered waveguide 22 need not continue to widen in width along its entire 
length L until it joins with the output waveguides as in the Fig.5 
embodiment. For example, the non-adiabatic waveguide may, if desired, 
widen towards the output waveguides along a majority of its length and 

25 then may start narrowing in width before it joins the output waveguides. 
This will however result in the total length of the splitter being longer than 
in the Fig.5 embodiment. 

Also, in the embodiment of Fig.5 the output waveguides 24,26 do 
not have to bend in an arc shape with radius R: other curves are possible. 



